Development and optimisation of a sex pheromone lure for monitoring populations of saddle gall midge, Haplodiplosis marginata. Entomologia Experimentalis et Applicata. marginata was reported to be 2-nonyl butyrate. The importance of absolute configuration on 22 attractiveness, the effects on trap catches of the addition of minor pheromone components, 23 dispenser type and pheromone loading are described in the development of an optimised 24 pheromone lure with which to trap H. marginata males. In analyses of volatiles collected 25 from virgin female H. marginata by gas chromatography (GC) coupled to 26 electroantennographic recording (EAG) from the antenna of a male H. marginata, two EAG 27 responses were observed. Analyses by coupled GC-mass spectrometry (MS) indicated 28 these were due to 2-nonyl butyrate and a trace amount (1%) of 2-heptyl butyrate. A similar 29 trace amount of 2-nonanol was detected in GC-MS analyses but this compound did not elicit 30 an EAG response when the synthetic compound was tested while the other two compounds 31 did. These three compounds were not observed in collections of volatiles made from male 32 H. marginata. The 2-nonyl butyrate was shown to be the (R)-enantiomer, and in field 33 trapping tests (R)-2-nonyl butyrate was at least ten times more attractive to male H. 34 marginata than the racemic compound while the (S)-enantiomer was unattractive. Addition 35 of the potential minor components individually or together at the naturally-occurring ratios did 36 not increase or reduce the attractiveness of the lure. Polyethylene vials and rubber septa 37 were equally effective as pheromone dispensers, lasting for at least five weeks in the field in 38 the UK, although laboratory tests indicated release from the former was more uniform and 39 more likely to last longer in the field. Increasing loading of pheromone in the dispenser 40 increased attractiveness. Traps baited with polyethylene vials containing 0.5 mg of (R)-2-41 nonyl butyrate are recommended for monitoring H. marginata and these are far more 42 sensitive than water or sticky traps currently used for monitoring this pest. 43 3
Introduction

44
Saddle gall midge, Haplodiplosis marginata (von Roser), is a sporadic pest of cereals of 45 increasing importance in the UK and parts of continental Europe. Yield losses of up to 70% 46 have been reported during recent UK outbreaks (Ellis et al., 2014) . It is a univoltine species 47 6 temperature vaporising injector (held at 50°C for 0.2 min and then programmed at 123 600°C/min to 220°C) for the non-polar column. The carrier gas was helium (2.4 ml/min) and 124 the oven temperature was held at 50˚C for 2 min and then programmed at 10˚C/min to 125 250˚C. The ends of the GC columns went into a push-fit Y-connecter that lead through a 126 second Y-connector fitted with two equal lengths of deactivated fused silica capillary going to 127 the flame ionisation detector (FID) and a glass T-piece, splitting the GC effluent 50:50. The 128 effluent was collected in the T-piece for 17 sec before being blown over the antennal 129 preparation for 3 seconds in a stream of air (200 ml/min) (Cork et al., 1990) . 130
The antennae were prepared by excising the head from a live specimen, then 131 removing one of the antennae and the tip of the remaining antenna using a sharp 132 microscalpel. Antennal responses were recorded using a Syntech INR-2 micromanipulator 133 assembly (Syntech, Hilversum, The Netherlands). Two newly-pulled glass capillary 134 electrodes were filled with an electrolyte solution of 0.1M KCl with 1% polyvinylpyrrolidine 135 (BDH Chemicals Ltd, UK) added to prevent evaporation. These were attached to silver wire 136 electrodes mounted in micromanipulators. The insect preparation was mounted between the 137 two glass electrodes with the head in the reference electrode and the distal end of the 138 antenna in the recording electrode. The antennal responses were amplified x 10 and 139 converted to digital format through the second detector channel of the GC. Data from FID 140 and EAG were captured and processed with EZChrom Elite v 3.3.1 software (Agilent). 141
Analysis by enantioselective gas chromatography 142
Enantoselective gas chromatography was carried out on a CP-Chirasil-Dex CB column (25 143 m x 0.32 mm; 0.25 μm film thickness; Varian/Agilent) with helium carrier gas (2.4 ml/min), 144 split injection (220°C; 20:1) and FID (220°C). The oven temperature was held at 60°C for 2 145 min and then programmed at 5°C to 200°C. 146
Chemicals 147
Unless otherwise stated, all chemicals were obtained from SigmaAldrich (Gillingham, Dorset, 148 UK) and were at least 98% pure. 149 7 Racemic 2-nonyl butyrate was prepared by esterification of 2-nonanol with butyric 150 acid in the presence of N,N'-dicyclohexylcarbodiimide (DCCD) and 4-dimethylamino-pyridine 151 (DMAP) in dichloromethane (Neises & Steglich, 1978 
Pheromone dispensers 167
Two different dispenser types were tested: polyethylene vials (26 mm x 8 mm x 1.5 mm 168 thick, Just Plastics Ltd., London, UK) and white rubber septa (20 mm x 10 mm; International 169
Pheromone Systems Ltd., The Wirral, UK). These were loaded with the pheromone 170 dissolved in hexane (100 μl) and the solvent was allowed to evaporate. 
Statistical analysis 231
Numbers of H. marginata caught per day for each trap were log(x+1) transformed to improve 232 the homoscedasticity of the data and were analysed using a two-way analysis of variance 233 (ANOVA) with treatment and block as factors. The Least Significant Difference (LSD) test 234 was used to test for significant differences between means at the 5% level. All analyses 235
were done in R.3.2.2 (R Core Team, 2015). Results in Experiment 5 were not analysed 236 statistically due to the extreme heteroscedasticity of the data. 237
Results
238
Pheromone identification 239
Analyses of collections of volatiles from female H. marginata on the non-polar GC column 240 with a male antenna EAG preparation showed one strong EAG response and a weaker 241 response to a compound eluting earlier (Figure 1) . Analyses on the polar column showed a 242 strong EAG response but the minor response was not so clear (data not shown). Retention 243 data for the EAG responses and synthetic compounds are shown in Table 1 . 244
Analyses of collections of volatiles from female and male H. marginata by GC-MS on 245 both non-polar and polar GC columns (Figure 2) showed a female-specific compound that 246 was identified as 2-nonyl butyrate by comparison of retention times (Table 1) and mass 247 spectrum with those of the authentic synthetic compound, and the identification was 248 confirmed by co-chromatography on both GC columns. Up to 50 ng/female of 2-nonyl 249 butyrate was collected during 48 h. This compound had retention data consistent with that 250 of the major response in the GC-EAG analyses (Table 1) . pheromone components related to 2-nonyl butyrate such as 2-nonanone and 2-nonyl 260 acetate could not be detected (Table 1) . 261
In GC-EAG analyses of the synthetic compounds (10 ng injected), strong EAG 262 responses were observed to 2-nonyl butyrate and 2-heptyl butyrate but there was no 263 detectable response to 2-nonanol (data not shown). The retention indices of 2-heptyl 264 butyrate were consistent with those of the component responsible for the minor EAG 265 responses in analyses of volatiles from female midges on both non-polar and GC columns in 266 the GC-EAG system used (Table 1) . 267
Analysis of the collections of volatiles from female H. marginata on the 268 enantioselective cyclodextrin GC column showed a peak at the retention time of (R)-2-nonyl 269 butyrate (15.69 min), but no peak (< 5%) at the retention time of the (S)-enantiomer (15.30 270 min). 271
Pheromone dispensers 272
Polyethylene vials were found to release 2-nonyl butyrate more uniformly than the rubber 273 septa under laboratory conditions (Figure 3) . The rubber septa released over 90% of the 274 pheromone within the first week at 27°C and 2.2 m/sec windspeed. In contrast, 30% of the 275 compound remained after 28 days in the polyethylene vials. 276
Polyethylene vials containing an initial loading of 1 mg racemic 2-nonyl butyrate and 277 returned from field tests after 2 weeks contained 0.72 ± 0.02 mg (mean ± SEM; N = 3). 278
Polyethylene vials and rubber septa returned from the field after 6 weeks contained 0.41 ± 279 0.02 mg and 0.31 ± 0.02 mg, respectively. 280 
